From studies of the SnX 4 -thf reaction system (thf = tetrahydrofuran; X = F, CI, Br, I) we have established adduct formation, SnX 4 (thf) 2 for X = CI (I) and Br (II) but recovery of unchanged starting materials for X = F and I. X-ray crystallography confirms a six coordinate structure with regular octahedral metal geometry for both (I) and (II) with the two solvent (thf) molecules in a mutually frans-arrangement in each case.
Introduction.
The chemistry of tin (IV) halides as reference Lewis acids is dominated by adduct formation of the type SnX 4 L 2 where X = halogen, L = monodentate involving oxygen-, 1 nitrogen-, 2 phosphorus- 3 and, to a lesser extent, sulphur-4 and selenium-5 donor ligands. Perhaps the major point of interest in these bis adducts is the question of cis-ltrans-isomerism in the resulting metal geometries. A search of the Cambridge Crystallographic database 6 reveals 36 examples divided as trans (17) and c/'s (19) ; Table 1 provides prominent examples of SnX 4 L 2 systems.
Since, surprisingly, tetrahydrofuran solvates of the tin (IV) halides have not been structurally characterised, we have investigated the reactions of SnX 4 (X = F, CI, Br, I) with this familiar O-donor solvent. As a complimentary approach we have carried out molecular modelling studies of viable structures and herein include some general comments on the existence of cis-/trans-isomers of SnX 4 (thf) 2 .
Materials and Methods.
All manipulations were performed under a dinitrogen and/or argon atmosphere using standard Schlenk, vacuum-line and glove box techniques.
Tetrahydrofuran was pre-dried over sodium wire and then freshly distilled over potassium prior to use. Hexane was pre-dried over CaH 2 and also distilled from potassium. The tin (IV) halides were purchased from Aldrich Chemical Co. and used without further purification. The IR spectra were recorded as Nujol mulls sandwiched between Csl plates using a Perkin-Elmer 580B instrument and elemental analyses were carried out using a Leeman Labs Inc. CE 440 elemental (C, Η, N) analyser.
SnF 4 .
Tin (IV) fluoride (1.00 g, 5.14 mmol) was added to tetrahydrofuran (50 cm 3 ) and the mixture stirred at 70 °C for 5 hours. The resulting solid obtained by filtration was washed with hexane (2x20 cm 3 ) and then pumped to dryness in vacuo. The IR spectrum confirmed the absence of coordinated thf and a combustion analysis confirmed that the starting tetrafluoride had been recovered unchanged. Calc. Sn 60.97 %; Found: Sn 60.24 %.
SnCI 4 (thf) 2 (I).
SnCI 4 (2.02 g, 7.75 mmol, 0.90 cm 3 ) was added dropwise to tetrahydrofuran (50 cm· 3 ) to provide a cloudy solution and a small amount of a white precipitate. The reaction mixture was stirred for 2 hours at room temperature, then heated to 70 °C. The solution was filtered whilst still hot, and then cooled to 0 °C to provide colourless oblong crystals. These were isolated by filtration, washed with hexane (3x20 cm 3 ) and pumped to dryness in vacuo. Yield 1.21 g, 39 %.
a: 
Snl 4 (III).
Snl 4 (1.25 g, 2.00 mmol) was added to tetrahydrofuran (30 cm 3 ) and the mixture heated to 70 °C. The resulting solution was filtered rapidly and on cooling to room temperature provided a crop of orange-red cuboid crystals. Identification of this product as the starting tetraiodide was obtained by an X-ray (diffraction) structure determination.
X-ray crystallography.
Crystals of the title compounds were placed under a film of dry oil in a nitrogen-filled glove-box, allowing for scrutiny of the crystals under a microscope. The most suitable crystals were mounted onto fibres, and immediately placed in a nitrogen cryostream.
Crystal data and details of structure refinement for compounds (I), (II) and (III) are given in Table 2 .
Data were collected using a Siemens SMART CCD area-detector diffractometer. A full hemisphere of reciprocal space was scanned by a combination of three sets of exposures; each set had a different φ angle for the crystal and each exposure of 10 s covered 0.3 0 in ω. The crystal to detector distance was 5.01 cm. Crystal decay was monitored by repeating the initial frames at the end of the data collection and analyzing the duplicate reflections; in all cases the decay was negligible. A multi-scan absorption correction was applied using SADABS. 16 Each structure was solved by direct methods using SHELXTL-PC 17 and refined by full matrix least-squares on F 2 for all data using SHELXL-97. Hydrogen atoms were added at calculated positions and refined using a riding model. Anisotropic temperature factors were used for all non-H atoms; Η-atoms were given isotropic temperature factors equal to 1.2 times the equivalent isotropic displacement parameter of the atom to which the Η-atom is attached.
Computational details.
Molecular structures and heats of formation were computed at the semi-empirical molecular orbital level using the MOPAC6 program. 19 Both PM3 and MNDO Hamiltonians were considered and the PRECISE keyword was specified throughout. Eclipsed configurations of the tetrahydrofuran ligands in SnX 4 (thf) 2 were enforced by constraining the C-O-Sn-C' dihedral angles to zero degrees. (C' is the carbon atom next to the oxygen of the other thf group.)
Results and Discussion.
Treatment of SnX 4 (X = F, CI, Br, I) with an excess of tetrahydrofuran, involving heating at 70 °C over a period of several hours, provided the following results:
For X = F there is no adduct formation, under these experimental conditions, and the parent halide is recovered unchanged.
There are no literature reports of structurally characterised SnF 4 L 2 systems, and only one featuring a c/s-bidentate ligand i.e., SnF 4 (2,2'-bipyridyl). For SnF 4 (thf) 2 a fra/is-octahedral structure was proposed on the evidence of a single v(Sn-F) halide stretching band at 600 cm' 1 . A later report by Tudela and Rey 22 describes the preparation of this bis-adduct following prolonged stirring of SnF 4 (MeCN) 2 with an excess of thf with, again, a proposed trans-structure based on infra-red and Mössbauer spectroscopic data. Equally no adduct formation was observed with X = I under these experimental conditions.
The deep orange-red tetrahydrofuran solution provided glistening cuboid crystals of unreacted Snl4. A previous X-ray (diffraction) study (1955) 23 revealed discrete tetrahedra of Snl4 in a cubic unit cell, but with only poor refinement. Our redetermination at 180 Κ shows uniform agreement with this previous study, but with excellent refinement viz., R1 = 0.023, wR2 = 0.051. As before the unit cell is cubic, in space group Pa3. The four Sn-I bond lengths are 2.6585(5), 2.6651(2) (x3) A and the individual tetraheda are almost ideal, with l-Sn-l angles in the narrow range 109.166(9)-109.775(9)°. The products obtained for X = CI (colourless oblong crystals) and X = Br (green oblong crystals) have been identified as the 1:2 adducts. These are extremely moisture-sensitive; previous experience shows the hydrolysis reaction of SnCU in thf solution with just the merest trace of water present results in the formation of the dimeric complex [Sn2CI6^-OH)2(thf)2]-2thf. 24, 25 The structures of SnX4(thf)2, for X = CI (I), and X = Br (II), confirm six coordinate Sn (IV) centres with a planar surround of four halogen atoms and two mutually trans tetrahydrofuran molecules. See Fig. 1 for X = CI. Selected bond lengths and angles for (I) and (II) are listed in Table 3 .
Both (I) and (II) exhibit an extremely regular octahedral metal geometry; the O-Sn-O linkages are linear and the interligand angles around the metal are close to the ideal e.g., for (I) Cl-Sn-CI 89.90(3)-90.10 (3) O-Sn-CI 89.33(7)-90.67 (7) for (II) Br-Sn-Br 89.89(2)-90.11 (2) O-Sn-Br 89.43(9)-90.57(9)
Table 3. Selected bond lengths and angles for compounds (I) and (II).
Compound (I):
2.3735(9) Sn(1)-CI (2) 2.3735 ( 
Fig. 2. Calculated structure using the PM3 Hamiltonian of SnCI4(thf)2 (I)
starting from a trans arrangement.
For SnX4L2 systems in general, Kepert 28 has shown that there is no great preference for either the cis-or trans-isomer unless there is a large difference in bond lengths Sn-X/Sn-L when the latter is preferred. There are several examples where both arrangements have been crystallographically characterised e.g., c/s-SnBr4(OPPh3)2 12 and trans-SnBr 4 (OPPh3) 2 , 13 and one example where the two isomers have been found in the same crystal domain e.g. for SnBr4(SMe 2 )2 4(b) there are two [c/s-SnBr"(SMe 2 )2] molecules and one [trans-S η Β r4(S Μ e2)2] molecule located in the unit cell. Solvent effects have been shown to be important in the isolation of particular adducts; both cis and trans forms of SnCI4(tht)2 (tht = tetrahydrothiophen) have been prepared, the cis from dichloromethane and the trans from npentane. The implication is that solvent polarity can influence adduct formation, with cis isomers favoured by a more polar media. Interestingly it has been shown that adducts can undergo isomerisation in the solid state, e.g., SnX4L2 for X = CI, L = dmf (dimethylformamide), dma (dimethylacetamide), dmso (dimethylsulphoxide) and for X = Br with L = dmf or dma were all obtained from solution as the cis isomer, and converted to the trans form by heating. 29 Clearly a number of competing factors are present. The elegant work of Ruzicka and Merbach 30 · 3 ' on the comparative stabilities of cis and trans isomers in solution is instructive. Using NMR integrations to provide a ratio of trans to cis species in solution (KjS0) allows the relative stabilities to be probed (Kiso is defined as [trans]/[cis]). The isomerisation constant, KjS0 is shown to be largely independent of temperature, and hence ΔΗ isomerisation must be small. However KjS0 varies strongly with changes in solvent polarity, so that trans isomers are preferred in weakly polar solvents, and, as stated above, cis are favoured for polar media. Arguments used to explain the isolation of one isomer over the other have typically been based upon solid adducts but this is clearly unsatisfactory since many systems show the co-existence of both forms in the solid state. Zahrobsky 32 has employed a stereochemical model based on nonbonded intramolecular interactions to show that irrespective of the relative solid angles of the ligands in a MA4B2 complex, the cis isomer will always be favoured. This is the case for SnX 4 L 2 ligands, provided that the ligand does not spread out the solid angle of the donor atom.
Further insights can be obtained from the MO calculations. However, the method must first be validated. Accordingly, the structure of SnCI 4 (thf) 2 was optimised using the PM3 Hamiltonian. Starting from the X-ray crystal structure coordinates, the system spontaneously separated into tetrahedral SnCI 4 and two effectively isolated thf moieties as shown in Fig. 2 . This unexpected result is apparently due to the inadequate parameterisation of Sn within the PM3 method since a stable, trans octahedral geometry was obtained using the older MNDO method. However, even for MNDO, the lowest energy structure has the thf planes staggered both with respect to each other and with repect to the chlorides.
Moreover, there is a pronounced D 2d distortion of the SnCI 4 plane (Fig. 3a) . In the structure derived from the X-ray analysis, the SnCI 4 is almost perfectly planar and the thf groups are mutually eclipsed. A calculation of the vibrational frequencies confirmed that the MNDO structure was a true local minimum. However, by constraining the thf ligands to be eclipsed, the SnCI 4 unit became planar while the heat of formation increased by less than 3 kcal mol" 1 (Fig. 3b) . This is of the order of crystal packing forces and it could be speculated that these are responsible for the crystallographically observed arrangement of thf ligands.
Alternatively, there may be a residual error for the MNDO Sn parameters which artificially favours the staggered conformation. Some support for this comes from the fact that the computed Sn-0 distances are around 0.2 A longer than observed. In either case, a trans geometry is predicted to be stable. An MNDO optimisation of a cis complex resulted in the formation of isolated SnCI 4 Fig.3 . Calculated structures using the MNDO Hamiltonian of trans-SnCI 4 (thf)2. a) no constraints; b) thf ligands forced to be mutually eclipsed.
The results for SnBr 4 (thf) 2 are very similar to those of the chloride analogue.
The staggered arrangement of trans thf ligands is more stable by about 3 kcal moM than the eclipsed form and the cis geometry optimisation dissociates to isolated species. On the other hand, not even a stable trans geometry was found for Snl 4 (thf) 2 .
Hence, the MNDO calculations correlate very well with experiment and predict that SnCI 4 (thf) 2 and SnBr 4 (thf) 2 should form stable trans complexes while Snl 4 (thf) 2 should not and that none of the complexes will form cis species. As a final check, the structures and relative energies of SnCI 4 (H 2 0) 2 were computed.
Both cis and trans forms have been characterised experimentally (see Table 1 ) and MNDO calculations also locate cis and trans structures (Fig.  4) . In agreement with experiment which implies the energies of cis and trans forms must be very similar, the calculated heats of formation differ by less than 0.4 kcal mol"
1 .
In summary, the MNDO results correlate very well with experiment for these systems. We can thus use the model to probe the factors that determine the balance between c/'s and trans structures.
The simplest interpretation focuses on the energy required to distort the SnX4 tetrahedron. For a trans geometry, the tetrahedron must be flattened to a square plane. MNDO estimates for this process are 45, 45 and 59 kcal moM for SnCI4, SnBr4 and Snl4 respectively. The energy to overcome this barrier is supplied by the Sn-thf interaction. Evidently, the latter lies between 45 and 59 kcal moH since it is strong enough to give trans complexes for X = CI and Br but not enough for X = I. This range can be further refined. It takes about 6 kcal moM more energy to distort a planar SnX4 moiety to the 'see-saw' geometry required for the (ideal) c/'s complex. Thus, the total Sn-thf interaction energy is predicted to be no more than 6 kcal mol"'' greater than the lower limit of 45 kcal mol" 1 otherwise the calculations would also predict stable c/'s geometries for the chloride and bromide complexes.
The relatively small energy difference between the planar and see-saw arrangements of the SnX4 species is consistent with the frequent observation of both isomers. The trans species should alway be favoured but, given a sufficiently strong Sn-L interaction, the c/'s isomer is also accessible. Note that this interaction will arise from a combination of attractive Sn-L bonding plus non-bonding interactions between L and X, the van der Waals portion of which will usually be repulsive while the electrostatic part may well be attractive. Despite the approximate nature of semi empirical MO theory, the MNDO method describes (a) (b) Fig. 4 . Calculated structures using the MNDO Hamiltonian of SnCI4(H20)2· a) trans structure; b) c/'s structure.
